Abstract-This paper investigates the impact of high penetration Photovoltaic (PV) systems on the voltage profile of a distribution feeder. The paper shows that power fluctuations caused by intermittent PV output can affect the operation of volt-VAR devices and cause unacceptable voltage variations on the feeder. The paper also investigates the adoption of a Dynamic VAR Compensator (DVC) to mitigate these impacts. Simulations performed on a prototype feeder indicate that the DVCs will be quite effective in smoothing out even the fast voltage variations caused by cloud cover on the PV systems.
I. INTRODUCTION tilities try to keep the voltages on a distribution feeder within a target range, and the common practice in United
States is to follow the ANSI C84.1 standard [1] which specifies the range for both service voltage and utilization voltage. On a conventional radial distribution feeder, the common devices employed for voltage control are voltage regulators (VRs) and capacitors. With proper placement of, and coordination between, these Volt-VAR compensators, voltages along a feeder can be kept within acceptable limits under typical load conditions. Recent interest in connecting small scale renewable energy based generation systems to distribution feeders, partly spurred by the adoption of Renewable Portfolio Standards [2] , poses challenges to the conventional Volt-VAR control (VVC) schemes [3] . Connection of large amount of residential scale PV in particular is a challenging case, as it can introduce a highly fluctuating power swing on a distribution feeder [8] .
The main impacts of a large amount of PV supply on a feeder include increased voltage variation (voltage rise and voltage fluctuation) along the feeder, negative impact on VRs and Capacitors operation (voltage control logic, excessive tap movements of VRs and Load Tap Changers LTCs), and coordination between protection devices [3] .
Conventional devices (substation LTC, VRs and Capacitor Banks) employed for VVC on a distribution system act on local information and they respond slowly. Hence, these devices respond poorly to voltage variations caused by fast power variations from PVs during a cloudy day. Recently, power electronics based VAR compensators have been proposed to address these challenges, as they can respond to voltage variations much faster and thus provide much more effective VAR compensation on a distribution system [9] [10] .
In this paper, voltage variation issues on a distribution feeder with high PV penetration have been presented first in section II. In section III, the effectiveness of deploying a new type of Static VAR Compensator, Dynamic VAR Compensator (DVC), in mitigating the voltage variation problems caused by high PV penetration is presented. Section IV provides the conclusions.
II. PV IMPACT ON A DISTRIBUTION SYSTEM
In this study the distribution system considered is a residential distribution feeder with high penetration of PV -a feeder on which most of residential customers have rooftop PV systems. The main issues investigated in this paper associated with such high penetration of PVs (PV capacity is up to 70% of peak load) include the following: x Reverse power flow: High penetration of PVs on a feeder can offset the feeder load and can even cause reverse power flow from feeder to the substation. Reverse power flow can negatively affect operation of line voltage regulators, particularly the ones with the Line Drop Compensation (LDC), and cause overvoltage [6] . x Voltage Fluctuations: On a cloudy day PV power output can fluctuate quite a lot and such fast variations cause large and frequent voltage variations. Such fluctuations will also increase the VR operations. x Voltage and current unbalance: If PVs on a feeder are connected mainly to one phase only, this can cause considerable unbalance on both current and voltage on the feeder. However, if the PVs installed properly, they can reduce the voltage and current unbalance, as they will reduce the loading on the system. x Power Loss: For low and moderate penetration levels of PV, currents along the feeder will decrease, so power system line losses will decrease. For high penetration levels of PV, which causes reverse power on the feeder, during light load conditions for example, feeder line losses may increase. It is important to note that this can happen within a single day. At noon, the load is light and PV output is high, so the losses may increase; while during the late afternoon, the PV output offsets the load only partially, and thus decreases the power losses. 
Case Study
To illustrate the impact of high PV penetration on a distribution feeder, a prototype feeder -IEEE 34 node test feeder -has been considered in this study and it is simulated using the time domain simulation tool PSCAD [11] . A single line diagram of the feeder is shown in Fig.1 . The feeder is a 24.9 kV radial circuit supplied by a substation transformer with LTC. To provide voltage control on this long feeder, two voltage regulators are installed at nodes 814 and 852 ( Fig.1) with LDC control. Two fixed capacitors at nodes 844 and 848 provide the additional VAR support needed for voltage control.
To simulate high penetration PV on this feeder, it is assumed that some of the customers have installed photovoltaic (PV) systems on their rooftops. To simulate the PV systems, a typical grid connected PV system, shown in Fig.2 , has been simulated. The model has been adopted from the Colorado model [7] which uses average models for the DC-DC converter and the inverter power electronic components .
It is assumed that five large load nodes on the feeder have installed PV systems. Table 1 shows the nodes and the size of the PVs at these nodes. Total PV capacity in this case is about 70% of the peak load; hence, this case represents 70% PV penetration. Fig. 3 shows the simulated power output profile of the PVs and the load profile during a typical day. Simulations on this system yield the following:
Case 1: Normal Operation
The system is simulated with PV and load profile of Fig. 3 . Fig. 4 compares the voltage profiles at node 890 with and without PV systems. As the figure shows, the voltage at this node is near low limit most of the time without PV, and PVs help boost the voltage at this node when PV output is high, around 10 am -3 pm. However, during this time the power from PVs cause reverse power flow on the feeder, as PV output is higher than the load, and therefore, it causes the two VRs on the feeder to act improperly as will be shown below. As a result, the voltages towards the substation will reach upper limits, as Fig. 5 shows. However, PVs do not necessarily raise the voltage at all the nodes, due mainly to VRs response, as Fig. 5 shows. 
b) Impact on voltage regulator operation:
Since PV output varies during a day, the number of operations (tap adjustments) each VR needs to do increases even though PVs output is normal as shown in Fig. 3 . Table 2 shows the number of tap adjustments for the case simulated on this system. These frequent movements increase the maintenance cost and shorten the life-cycle of VRs.
Some of the VR operation issues can be addressed by putting the VRs on a bidirectional control mode. Fig. 6 shows the difference in tap positions between conventional and bidirectional control for VRs; and as expected, bidirectional control improves the VR operation especially during the time period when high PV output causes reverse power flow. Fig. 7 shows the comparison of feeder voltage profile with conventional VRs and bidirectional VRs. Since the reverse power is not high, improper VR operation does not cause high voltage at downstream nodes in this case. 
Case 2: Cloud Cover
PVs are quite susceptible to cloud cover, and PV output can decrease quickly as a cloud moves over. In this case, a cloud moving over the PVs is simulated by a decrease in solar irradiation from 1000 to 70 W/m2 over a 20 sec period [8] , causing PV power output decline in a similar way as Fig. 8 shows. The voltage remaining below the low limit of 0.95 pu at a node may affect the loads, especially the dynamic loads such as induction motors. To illustrate this, the loads at 4 nodes, where PVs are connected to, have been simulated as 50% resistive loads and 50% small induction motor loads. Fig. 10 shows the operation of motors under the cloud cover condition. We can clearly see that motor at node 890 begins to stall at 12s and motor at node 844 begins to stall at around 20s.
III. DYNAMIC VAR COMPENSATOR (DVC)
As illustrated in the previous section, voltage variations in a PV dominated distribution system are not acceptable. Recently, power electronic based VAR compensators have been considered as an ideal candidate to adopt on such a feeder in order to address the voltage variation issues affectively [9] [10] . The main advantage of the DVC is its capability to quickly respond to voltage variations by rapidly adjusting the reactive power injected into the node it is connected to. For this study, we considered DSTATCOM (Fig. 11) [12] as the DVC and modeled it with an average model with controlled voltage and current sources on both AC and DC sides (Fig. 12) . The DVC is set to regulate its terminal voltage at set point V set . To illustrate the effectiveness of DVCs on the prototype system, two cases have been considered:
Case 3: DVC at node 890
In this case, we install a DVC at node 890 to address unacceptably high voltage variation as shown in previous section. We also removed the capacitors at node 844 and node 848 to see whether DVC will still maintain the voltage. Fig. 14 shows the feeder voltage profile during peak load at 7:30 pm, during which there is no PV output. The voltage profile shows that only the node 814 has a low voltage violation, and this node has no load, thus this is not a big concern. Table 3 shows the number of Tap operation for two VRs. As the table shows, the DVC reduces the number of operations. Hence, this case illustrates the effectiveness of a DVC in improving voltage control locally at the remote end of feeder. To further improve voltage control more, in this case we considered replacing two VRs on the feeder with two DVCs. Fig.15 compares the feeder profile with DVCs against the profile with VRs. As the figure shows with DVCs there is no voltage rise towards the substation and during high PV output and the voltage profile is all within the acceptable limits.
To illustrate the response of the DVCs during cloud cover, the same cloud cover simulation has been repeated with DVCs also. Fig. 16 shows the voltage variation at node 890 following the cloud cover. As we can see, the voltages are almost kept the same for the entire 60s. Fig. 17 compares the voltage profile along the feeder. As we can see, the voltages did not change much during the cloud coverage. These results show that indeed the DVCs act quite fast to the drop in PV power output and provide fast VAR support to keep the voltages smooth even during such high power fluctuations on the feeder. Finally, the case with the dynamic loads has been repeated here with DVCs. Fig. 18 shows the operation of motors in this case. As the figure shows, since there is hardly any voltage variation during the cloud cover, the motors are not affected. 
IV. CONCLUSIONS
The simulations performed on the IEEE test feeder confirms that a high level of PV penetration on a radial feeder can cause considerable voltage variation and affect the operation of Volt-VAR devices on such a feeder, especially if the total power from PVs causes reverse power flow. The main issue in such systems is the power fluctuation from PVs during a cloudy day, as the voltage regulators cannot act fast enough to smooth out the resulting voltage variations. Simulations show that motor type loads will be susceptible to voltage sags during such conditions. The paper shows that the use of dynamic VAR compensators (DVCs) can address these issues quite effectively, as they can respond fast to voltage variations and provide fast VAR compensation to smooth the fast variations. The paper shows that DVCs can be either used to replace capacitors to provide voltage boost locally as needed, or they can be used to replace even the voltage regulators to provide a more effective voltage control along the whole feeder. Further studies are needed to determine proper selection and placement of DVCs on a feeder.
